Stimulated by the D * 2 (3000) recently observed by LHCb, we study the decay behaviors of the 3P and 2F charmed mesons. Comparing the masses and decay properties of the 3 3 P 2 and 2 3 F 2 with the observed D * 2 (3000), we conclude that the most probable assignment is the 3 3 P 2 , while the assignment of the 2 3 F 2 may not be fully excluded. The results of the unobserved 3P and 2F charmed mesons in this work may provide some fundamental information when further searching for these charmed mesons in the experiments by LHCb and the forthcoming Belle II.
respectively [1] . The J P quantum number of the D * 2 (3000) is measured to be 2 + [1] . Before the observation of the D * 2 (3000), a great achievement was made in the past decades. A number of the charmed mesons were observed experimentally [2] [3] [4] [5] [6] [7] [8] [9] . These observations not only made the charmed meson spectrum abundant, but also gave theorists motivation to reveal the nature of the newly observed states from the mass spectrum and decays [10] [11] [12] [13] [14] [15] [16] [17] [18] , which could undoubtedly deepen our understanding of the highly excited charmed mesons.
Thirty years ago, Godfrey and Isgure (GI) performed a systematical study of the meson spectra in a semirelativistic quark model [10] , in which a quenched confinement potential was employed to describe the quark-antiquark interactions. The low-lying charmed mesons were well reproduced by the so-called GI model [10] . However, there exist some difficulties in understanding the recently observed higher excitations D * 2 (3000)
FIG. 1: A comparison of the masses of the 2
3 P 2 , 3 3 P 2 , 1 3 F 2 and 2 3 F 2 charmed mesons of the modified GI model [20] and the experimental measurement of the D of the charmed mesons, which are due to a typical quenched model of the GI model. As proposed in Refs. [19, 20] , we include the unquenched peculiarity in the semirelativistic quark model by replacing the linear confining potential with a screened one, which is consistent with the unquenched lattice QCD calculation and some holographic model [21] [22] [23] [24] .
In this modified GI model [19, 20] , the charmed and charmed strange meson spectra and their decays could be better described than the GI model.
As for the newly observed D * 2 (3000), it could be a P-wave or F-wave charmed meson. With the same parameters as in [20] , the masses of the 2 3 P 2 , 3 3 P 2 , 1 3 F 2 , and 2 3 F 2 charmed mesons are calculated, and are shown in Fig. 1 . As a comparison, the newly observed D * 2 (3000) is also presented and the mass differences of the theoretical calculation and the central value of the observed one are also marked. The mass of the To further check possibilities of different assignments of the D * 2 (3000), we study its decay behaviors in different cases. In the present work, we adopt the quark pair creation (QPC) model to estimate the Okubo-Zweig-Iizuka (OZI) allowed decays of the D * 2 (3000), which was first proposed by Micu [25] , and further developed by the Orsay group [26] [27] [28] [29] [30] . The decay behaviors of the 2P and 1F charmed mesons have been investigated in Ref. [20] . In the present work, we further study the decays of the 3P and 2F states to reveal the inner structure of the newly observed D * 2 (3000). The decay behaviors of the D * 2 (3000) could in turn check our understanding of the charmed meson spectrum proposed in Ref. [20] . This paper is organized as follows. In Sec. II we will briefly review the QPC model and present our calculation of the twobody OZI-allowed decays of the 3P and 2F charmed mesons. Section III is dedicated to a discussion and summary.
II. QPC MODEL AND DECAYS OF THE 3P AND 2F

CHARMED MESONS
The QPC model is a phenomenological method to estimate the OZI allowed strong decays. In the QPC model, the quarkantiquark pair is created from the vacuum with J PC = 0 ++ . Thus the QPC model is also named the 3 P 0 model. In the following, we present a brief review of the QPC model. Taking the OZI allowed strong decay process A → BC as an example, the corresponding S − matrix is
In the nonrelativistic limit, the transition operator T is defined as
m,i 1m; 1 − m|00 dp 3 dp 4 δ 3 (p 3 + p 4 )
This transition operator is introduced to describe the quarkantiquark (denoted by indices 3 and 4, respectively) created from the vacuum. The phenomenological creation strength γ foris taken as γ = 8.7 [20] , while the strength for ss satis-
is the ℓth solid harmonic polynomial. χ, φ, and ω are the general description of the spin, flavor, and color wave functions of the quark-antiquark pair, respectively.
With the above transition operator T , the transition matrix of a process A → BC is given by
where P B and P C are the momenta of the mesons B and C in the A rest frame, respectively. |A , |B and |C denote mock states corresponding to mesons A, B and C, respectively [31] . The mock state |A is defined as s
A dp 1 dp 2 δ
where χ A , φ A , ω A and Ψ A are the spin, flavor, color and spatial wave functions of the meson A. In the present work, we use the spatial wave functions of the charmed and charmed strange mesons estimated in Refs. [19, 20] , while the one for a light meson is calculated from the GI model [10] .
The partial wave amplitudes are related to the helicity amplitudes by [32] 
and the partial width of the A → BC is
where m A is the mass of the initial state A. The masses of the involved charmed and charmed strange mesons are listed in Table I . For the low-lying observed mesons, we adopt the central values of the PDG average, while for the unobserved higher excited charmed and charmed strange mesons, we use the theoretical mass estimate in the modified GI model as an input [19, 20] . As for light mesons, we use the same masses as those summarized in Table III of Ref. [34] 1 . Besides the masses of the involved mesons, in 
respectively, which could be tested by future experiments. There exist four 3P charmed mesons; the D * 2 (3000) could be a candidate of the 3 3 P 2 charmed meson. The mass of the 3 3 P 0 charmed meson is estimated to be 3219 MeV in the modified GI model [20] . The total and partial widths of the 3 3 P 0 charmed meson are listed in 
Mixing angle θ 3P dependence of the total and partial widths of the 3P(1 + ) charmed meson. The vertical dashed line indicates the mixing angle θ 3P in the heavy quark limit, which is −54.7
• .
The two 1 + charmed mesons are the mixtures of the 3 P 1 and 1 P 1 states and the mixing scheme for the 3P charmed meson is
where θ 3P is the mixing angle of the |3 1 P 1 and |3 3 P 1 states. In the modified GI model, the masses of the |3 1 P 1 and |3 3 P 1 states are estimated to be 3230 and 3215 MeV, respectively [20] .
The θ 3P dependence of the total and partial widths of the 3P(1 + ) charmed mesons is presented in Fig. 2 . In the heavy quark limit, the mixing angle of the 3P charmed mesons is [35] [36] [37] . With this mixing angle, we find the total width of the 3P(1 + ) charmed meson is 144 MeV. Our present calculations indicate that Da 2 (1320) and D * π are the dominant decay channels of the 3P(1+) charmed meson, the corresponding partial widths of which are 20.4 and 21.5 MeV, respectively. In addition, the decay modes (1270) and D * (2600)π are also important since the corresponding partial widths are estimated to be about 10 MeV. The θ 3P dependence of the total and partial widths of the 3P ′ (1 + ) is presented in Fig. 3 . With the mixing angle in the heavy quark limit, the total width of the 3P ′ (1 + ) is predicted to be 185 MeV, which is a bit larger than the one of the 3P( 
B. Decay behaviors of the 2F charmed mesons
The 2F charmed mesons have not been observed, and the predicted mass of the 2 3 F 2 state is about 150 MeV above the central value of the mass of the newly observed D * 2 (3000) [1] . In the present work, we also consider the possibility of the D * 2 (3000) as the 2 3 F 2 charmed meson. The total and partial widths of the 2 3 F 2 charmed meson are listed in Table II. The 150  100  50  0  50  100 . total width of the 2 3 F 2 charmed meson is predicted to be 302.2 MeV, which is about 35 MeV above the upper limit of the observed value of the D * 2 (3000). The partial width of the Dπ channel is 14.2 MeV, and the corresponding branching ratio is 4.7%, which is almost the same as that of 3 3 P 2 → Dπ. 
In the heavy quark limit, the mixing angle is θ 2F = -arcsin(2/ √ 7)= −49.1 • [35, 36] . In the modified GI model, the masses of the 2 1 F 3 and 2 3 F 3 state are 3353 and 3359 MeV, re- 
III. DISCUSSION AND SUMMARY
In the present work, we have studied the masses and decay behaviors of the 3P and 2F charmed mesons and have compared our results of the 3 3 P 2 and 2 3 F 2 states with the observation of the D * 2 (3000), which was reported very recently by the LHCb Collaboration [1] . The modified GI model has predicted masses of the 3 3 P 2 and 2 3 F 2 states which are 3234 and 3364 MeV, respectively [19] . On the other hand, the observed mass of the D * 2 (3000) is 3214±29±33±36 MeV, which is quite consistent with that of the 3 3 P 2 charmed meson and about 150 MeV below the mass of the 2 3 F 2 charmed meson. To further test the possibilities of the D * 2 (3000) as a 3 3 P 2 or 2 3 F 2 charmed meson, we have estimated the decay behaviors of the 3 3 P 2 and 2 3 F 2 charmed mesons via the QPC model, in which the wave functions of the charmed and charmed strange mesons are evaluated by the modified GI model [19, 20] . The total width of the 3 3 P 2 charmed meson is estimated to be 102. 4 MeV, which is consistent with the lower limit of the width of the D * 2 (3000). As for the 2 3 F 2 charmed meson, the total width is predicted to be 302.2 MeV, which is about 35 MeV above the upper limit of the width of the D * 2 (3000). In addition, our calculated branching ratios for the Dπ channel of the 3 3 P 2 and 2 3 F 2 charmed mesons are 4.18% and 4.70% , respectively, which indicates the Dπ channel is an important channel both for 3 3 P 2 and 2 3 F 2 charmed mesons. In Table  III , we summarize our calculations of the masses and decay behaviors of the 3 3 P 2 and 2 3 F 2 charmed mesons and compare them with the experimental measurement of the D * 2 (3000). From the calculation in the present work, we find the most possible assignment of the D * 2 (3000) is the 3 3 P 2 charmed meson, but the other possibility, such as the2 3 F 2 charmed meson, may not be completely excluded. The predicted decay behaviors of the 3 3 P 2 and 2 3 F 2 charmed mesons could be tested by future experiments in LHCb and the forthcoming Belle II, which would help us reveal the nature of the D * 2 (3000). Besides the 3 3 P 2 and 2 3 F 2 charmed mesons, the decay behaviors of the other six 3P and 2F charmed mesons have been also studied in the present work. The total width of the 3 3 P 0 charmed mesons is predicted to be 251.1 MeV, while the widths of the 3P(1 + ) and 3P ′ (1 + ) charmed mesons are 144 and 185 MeV, respectively, with the heavy quark limit mixing angle. The most dominant decay channels of the 3 3 P 0 , 3P(1 + ) and 3P ′ (1+) are Dπ(1300), Da 2 (1320) and D * 2 (2460)π, respectively. As for the 2F charmed mesons, the total widths of the 2F(3 + ), 2F ′ (3 + ) and 2 3 F 4 are 165, 248, and 155 MeV, respectively. The estimates of the masses and decay behaviors of these unobserved states in the present work are also listed in Table. III, which could provide some fundamental information for searching for these charmed mesons in future experiments. D * 2 (3000) is assigned as a 1 3 F 2 state [38] 
